We report the discovery of a strong over-density of galaxies in the field of a radio galaxy at z = 1.52 (4C65.22) based on our broad-band and narrow-band (Hα) photometry with Subaru Telescope. We find that Hα emitters are located in the outskirts of the density peak (cluster core) dominated by passive red-sequence galaxies. This resembles the situation in lower-redshift clusters, suggesting that the newly discovered structure is a well-evolved rich galaxy cluster at z = 1.5. Our data suggest that the color-density and stellar mass-density relations are already in place at z ∼ 1.5, mostly driven by the passive red massive galaxies residing within r c < ∼ 200 kpc from the cluster core. These environmental trends almost disappear when we consider only star-forming (SF) galaxies. We do not find SFR-density or SSFR-density relations amongst SF galaxies, and the location of the SF main sequence does not significantly change with environment. Nevertheless, we find a tentative hint that star-bursting galaxies (up-scattered objects from the main sequence) are preferentially located in a small group at ∼1-Mpc away from the main body of the cluster. We also argue that the scatter of the SF main sequence could be dependent on the distance to the nearest neighboring galaxy.
INTRODUCTION
Recent observations have established that star-forming (SF) galaxies show a tight correlation between stellar mass (M ⋆ ) and star-formation rate (SFR). This SFR-M ⋆ correlation (so-called SF main sequence) is investigated in the local universe (e.g. Brinchmann et al. 2004; Peng et al. 2010) , as well as in the distant universe out to z > ∼ 2 (e.g. Noeske et al. 2007; Daddi et al. 2007; Elbaz et al. 2007; Santini et al. 2009; Kajisawa et al. 2010; Rodighiero et al. 2010; Bauer et al. 2011b; Whitaker et al. 2012) . The SFR at a fixed mass evolves with time, reflecting the cosmic star formation history. The presence of this tight SFR-M ⋆ correlation suggests that stellar mass has always been an important parameter that regulates SF activity in galaxies across cosmic time.
The scatter around the SF main sequence is reported to be very small ( < ∼ 0.3 dex level at any redshifts), but the deviation around the SF main sequence may be an important parameter as it is likely to reflect the variation of gas accretion/exaustion history of galaxies (e.g. Elbaz et al. 2011; Saintonge et al. 2012; Tacconi et al. 2013) . Some recent studies attempt to identify the origin of the scatter and the key parameter that makes the strongest impact on galaxy evolution. For example, Wuyts et al. (2011) studied how the galaxy structure and the mode of SF ac-tivity depend on the position on the SFR-M ⋆ diagram. They find that the upper envelope of the SF main sequence tends to be dominated by dusty galaxies (characterized by high SFR IR /SFR UV ratio) with high sersic index (n), suggesting a rapid build-up of mass in the nuclear regions of these systems, due to e.g. galaxy-galaxy interactions/mergers.
Another important parameter that could bring strong impacts on SF activity of galaxies is "environment". The morphology-density or color-density relation is widely recognized in the local universe (e.g. Dressler 1980 ; Lewis et al. 2002; Gómez et al. 2003; Goto et al. 2003; Tanaka et al. 2004 ). However, if we focus on the star-forming population, their properties are not necessarily strong functions of environment. Balogh et al. (2004) used SDSS and 2dFGRS dataset to show the Hα equivalent width (EW) amongst SF galaxies is independent of environment (see also Wijesinghe et al. 2012) . Peng et al. (2010) used local SF galaxies drawn from SDSS to show that the SF main sequence is indistinguishable between high-and low-density environment. They argue that the environment does change the "fraction" of SF galaxies, while it has very little impact on the SF main sequence.
An observational challenge here is to test if the "universality" of SF main sequence holds in the distant universe, where the average star-formation activity is about an order of magnitude higher (e.g. Madau et al. 1996) . Some recent studies have attempted to identify the environmental dependence of the SF main sequence from intermediate-to high-redshift universe out to z ∼ 2 (Vulcani et al. 2010; Li et al. 2011; McGee et al. 2011; Muzzin et al. 2012; Greene et al. 2012; Tanaka et al. 2011; Grützbauch et al. 2011; Koyama et al. 2013a; Zeimann et al. 2013 ), but a full consensus has not yet been obtained, because of the different sample selection and/or different environment definitions. The most re- Note.
-The B-band data are retrieved from SMOKA (Subaru Science Archive: http://smoka.nao.ac.jp/).
cent study by Lin et al. (2014) used a large sample of galaxies drawn from Pan-STARRS, and demonstrated that the (S)SFR-M ⋆ relation for SF galaxies is comparable between field and group environment out to z ∼ 0.8. They also reported that there is a moderate (∼17%) SFR decrease for SF galaxies (at a given mass) in cluster environment. Pushing this kind of study toward the critical epoch of galaxy formation (i.e. z∼1-3) is clearly an important step, but constructing a large uniformly selected SF galaxy sample across environment at such high-redshift universe has been very challenging. Recently, Koyama et al. (2013b) made an important step on this issue. They compiled a large, Hα-selected SF galaxy sample in distant clusters (from MAHALOSubaru project; Kodama et al. 2013 ) and in general field environments at z = 0.4, 0.8, 2.2 (from HiZELS; Sobral et al. 2013) , and demonstrated that the environmental impacts on the SF main sequence are likely to be always small since z ∼ 2 (<0.2 dex level at maximum), as far as we rely on the simple Hα-based SFRs. However, in contrast to this apparently simple picture, we also find a tentative hint that SF galaxies in distant cluster environments tend to be more massive (see also Lin et al. 2014) , and perhaps more highly obscured by dust. In this paper, we provide a more detailed look on this issue, and attempt to identify the environmental impacts on the SF main sequence, using our newly discovered rich cluster field at z ∼ 1.5.
The paper is organized as follows. In § 2, we present our Subaru data of the 4C 65.22 field. After selecting z ≈ 1.5 galaxies based on our photometric data in § 3, we report the discovery of a strong over-density of z ∼ 1.5 galaxies near the radio galaxy in § 4. In § 5, we present environmental dependence of galaxy properties at z ∼ 1.5 across the newly discovered structure. In § 6, we discuss our results in line with recent studies. Finally, our conclusions are given in § 7. Throughout the paper, we adopt Ω M = 0.3, Ω Λ = 0.7, and H 0 = 70 km s −1 Mpc −1 , which gives a 1 ′′ scale of 8.46 kpc and the cosmic age of 4.2 Gyr at the redshift of our target cluster associated to the radio galaxy, 4C65.22 (z = 1.520). Magnitudes are all given in the AB system.
OBSERVATION AND DATA REDUCTION
2.1. The field of a radio galaxy 4C 65.22 (z=1.52) In this paper, we aim to present our newly discovered rich galaxy cluster at z ∼ 1.5. An increasing number of high-z galaxy clusters are now being discovered with various techniques (e.g. Tanaka et al. 2010; Papovich et al. 2010; Fassbender et al. 2011; Gobat et al. 2011; Newman et al. 2013 ), but it is still very important to increase the sample of clusters/groups in the distant universe. For this purpose, high-z radio galaxies (HzRGs) are often used as "landmarks" for high-z (proto-)clusters since HzRGs are expected to be the progenitors of present-day massive cluster ellipticals (e.g. Kurk et al. 2000; Venemans et al. 2002; Best et al. 2003; Kajisawa et al. 2006; Venemans et al. 2007; Kodama et al. 2007; Galametz et al. 2010; . These studies have been successful in identifying prominent high-z structures.
We have been undertaking an intensive observational program of high-z star-forming galaxies using narrowband filters on the Subaru Telescope, MApping HAlpha and Lines of Oxygen with Subaru (MAHALO-Subaru; Kodama et al. 2013 Hayashi et al. 2012; Koyama et al. 2013a; Hayashi et al. 2014) . As a part of this observational campaign, we target a radio galaxy field, 4C 65.22, at z = 1.520 (α = 17 h 47 m 13 s .9, δ = +65
• 32 ′ 36 ′′ in J2000) 6 , which is located near the North Ecliptic Pole (NEP). The 4C65.22 is identical to 8C 1747+655, and a strong X-ray detection is reported from this radio galaxy (see Brinkmann et al. 1999; Kollgaard et al. 1994; Lacy et al. 1993 ). Below we describe our new Subaru observations of this radio galaxy field.
Near-infrared data with MOIRCS
We observed the 4C 65.22 field with broad-band (JHKs) and narrow-band (NB1657) filters using MultiObject InfraRed Camera and Spectrograph (MOIRCS; Ichikawa et al. 2006 , Suzuki et al. 2008 ) on the Subaru Telescope (Iye et al. 2004) . The MOIRCS covers a 4 ′ ×7 ′ field of view (FoV), which corresponds to the physical scale of 2.0×3.6 Mpc 2 at z ∼ 1.5. We note that the NB1657 filter (λ c =1.657µm, ∆λ =0.019µm; see Fig. 1 ) captures the Hα lines at z = 1.52 +0.02 −0.01 (or equivalently −1200 < ∼ ∆v < ∼ 2300 km s −1 from the radio galaxy), and this filter plays a critical role in this study (see § 3.1 for the Hα emitter selection). The observations were carried out in September 2011 under excellent condi-tions. The data were reduced using the MCSRED software ) in a standard manner. For the NB data reduction, we use the "nbmcsall" task provided in the MCSRED package, which is dedicated to the MOIRCS NB data reduction. This task takes a careful treatment for the variation of sky patterns over the MOIRCS FoV (see Tanaka et al. 2011 for details). The photometric zero points are derived with the standard stars observed during the same observing nights. The exposure times, PSF sizes, and limiting magnitudes of our MOIRCS data are summarized in Table 1 .
Optical data with Suprime-Cam
We also use B, r ′ , and z ′ -band data of the 4C 65.22 field taken with the Prime Focus Camera on Subaru (Suprime-Cam; Miyazaki et al. 2002) . The r ′ and z ′ -band data are newly obtained by our team in October 2010, while the B-band data are retrieved from Subaru Science Archive (SMOKA). All the data are reduced with SDFRED pipeline software developed for the SuprimeCam data reduction (Yagi et al. 2002; Ouchi et al. 2004 ). We use SDFRED1 for the B-band data reduction, while we use SDFRED2 (minor updated version) for the reduction of r ′ /z ′ data according to the Suprime-Cam CCD upgrade in 2008. The magnitude zero points are derived from the data of standard stars taken during the same observing nights. We note that the original field of view (FoV) of Suprime-Cam is 34 ′ ×27 ′ , but we only use central 4 ′ ×7 ′ region in this study due to the limited FoV of our near-infrared (NIR) data. The final optical images are aligned to our MOIRCS image and re-gridded to the pixel scale same as the MOIRCS data (0.117 ′′ /pix).
Photometric catalog
The photometric catalog is created with SExtractor ver.2.5.0 (Bertin & Arnouts 1996) . Before running SExtractor, we apply gaussian smoothing for the NIR images, and match their PSF sizes to 0.62 ′′ (i.e. PSF of z ′ -band image). We note that the B-and r ′ -band data have broader PSF size (0.9 ′′ -1.0 ′′ ; see Table 1 ). We apply aperture correction of 0.165/0.145 mag for B/r ′ -band data when we perform aperture photometry, rather than degrading our good-quality NIR data by ∼50-100%. These correction values are determined by a simple simulation using our z ′ -band image: we smoothed the z ′ -band image to 0.95 ′′ /0.92 ′′ (i.e. the PSF size of B/r ′ -band image), and then performed 1.5 ′′ aperture photometry of the same sources on the smoothed/unsmoothed images to determine the typical fluxes escaped from the aperture.
The limiting magnitudes are determined by measuring the deviation of 1.5 ′′ aperture photometry (2.5×PSF size) at random positions over the FoV, and the measured limiting magnitudes are reported in Table 1 . The measured 1-σ random sky noise on each image is also used as the photometric uncertainties of individual sources. Following our previous high-z emission-line galaxy surveys carried out with the MAHALO project, we construct a NB-selected source catalog using the double image mode of SExtractor. In this study, we use 1.5
′′ aperture magnitudes (mag aper) for source detection and measuring colors, while we use total magnitude (mag auto) when we derive physical quantities such as M ⋆ or SFRs of galaxies. Figure 1 . Selection of the NB1657 emitters. We plot H−NB1657 colors of all NB-selected galaxies against their NB magnitudes. The vertical dotted line shows the 5σ limiting magnitude in NB1657, and the slanted dotted-lines show 2-and 3-σ limits in H-band. The solid-line curves show ±2Σ excesses in the H−NB1657 color. We select galaxies with H−NB1657>0.2 and with H−NB1657>2Σ as NB1657 emitters (black squares). The brightest galaxy (marked with yellow star) is the central radio galaxy (4C 65.22) , showing a strong NB excess as expected. In the inset, we show the transmission curves of the broad-band (H) and narrow-band (NB1657) filters. Also shown is the Sc-type galaxy spectrum (redshifted to z = 1.52) from Kinney et al. (1996) .
Using the stellar spectral templates of Gunn & Stryker (1983) , we checked colors of stellar objects within the FoV. We find that the derived zero points show good agreement with the template, but we apply a small zero point correction to H-band magnitudes by +0.1 mag to be consistent with the stellar template. After removing saturated objects and galactic stars (based on the BzK and rJK colors; see Fig. 2 ), our final catalog includes 393 objects down to m NB =22.6 mag (corresponding to 5σ limit in NB1657). At the position of 4C 65.22, we estimate the dust reddening to be E(B − V )=0.042 mag based on the dust map of Schlegel et al. (1998) . We derive the correction value at each band using the extinction law of Cardelli et al. (1989) , and the derived correction values (A band ) are listed in Table 1 .
SAMPLE SELECTION
In this section, we select galaxies at z ≈ 1.5 using our photometric catalog. The primary goal of this project is to map the Hα emitting galaxies around 4C65.22 with the narrow-band technique ( § 3.1). We also apply photometric redshifts (photo-z) to select more quiescent galaxy population ( § 3.2) . By combining these star-forming and quiescent galaxies, we construct a catalog of "member" galaxies associated to the central radio galaxy.
Hα emitter selection
We first select Hα emitters at z=1.52 using the narrowband excess technique. Our selection includes the following two steps: (1) identification of NB excess galaxies using H−NB1657 color, and (2) removal of contaminant Figure 2 . The color selections of Hα emitters at z = 1.52 based on the BzK (left) and rJK (right) color-color diagrams. We here plot all NB-selected sources with >2σ detection at all broad-band filters including galactic stars (grey dots). The NB1657 emitters selected in Fig. 1 are shown with colored symbols. The BzK diagram isolates low-z contamination (cyan triangles), and the rJK diagram isolates high-z contamination such as [Oiii] emitters at z = 2.31 (magenta triangles). The Hα emitters are defined as NB1657 emitters satisfying both BzK and rJK criteria, and they are shown with blue squares. The solid lines show the criteria applied in this study. The dotted lines in the left panel show the original BzK criteria proposed by Daddi et al. (2004) , while we apply the modified-BzK criteria to improve completeness for z ∼ 1.5 galaxies (Hayashi et al. 2011) . Sources below the thin-dashed lines are galactic stars and discarded from our catalog. The radio galaxy (shown with yellow star) satisfies both BzK and rJK criteria. We also plot photo-z selected non-emitters with black circles (1.3 < z phot < 1.7; see § 3.2). As expected, most of the photo-z members satisfy both color criteria.
emitters (such as [Oii]/Hβ/[Oiii] emitters at higher redshifts, or various line-emitting galaxies at low redshifts) based on their broad-band colors.
In Fig. 1 , we plot H−NB1657 colors of all NBselected galaxies against their NB magnitudes. To select NB excess sources, we apply H−NB1657>0.2 and H−NB1657>2Σ, where Σ denotes the significance of NB excess (Bunker et al. 1995) . This yields 54 galaxies with NB excess, and they are shown with the black squares in Fig. 1 . We note that the former condition corresponds to EW rest > ∼ 20Å and the latter corresponds to dust-free SFR Hα of > ∼ 3M ⊙ /yr (see more details in § 5.2).
Next, we remove the expected contaminant galaxies, such as low-redshift Paβ emitters at z ≈ 0.3, Hβ/[Oiii] emitters at z ≈ 2.3, or [Oii] emitters at z ≈ 3.3. The presence of a strong emission line located at λ ≃ 1.657µm allows us to determine their redshifts using broad-band color information (see e.g. Kodama et al. 2004; Koyama et al. 2010) . We find that most of the NB1657 emitters are detected with our deep broad-band images, while we find two of the NB1657 emitters are fainter than the 2σ limit in K s -band. The K s -band photometry is very important in the following member selection, and it is also essential for deriving stellar mass of galaxies (see § 5.3). We therefore exclude these two K s -undetected objects from the following analysis.
In Fig. 2 (left), we show the BzK diagram to remove low-z contamination. The BzK method is originally proposed by Daddi et al. (2004) , and is one of the most commonly used color selections for high-z galaxies. The BzK method is designed to select galaxies at 1.4 < ∼ z < ∼ 2.5 and optimized for z ∼ 2 galaxies. Therefore galaxies at z ∼ 1.5 are usually located near the boarder lines of the BzK criteria. Hayashi et al. (2010) proposed a "modified BzK selection" for selecting z ∼ 1.5 galaxies, which slightly softens the criteria toward the bluer side by ∼0.2 magnitude (see solid lines in Fig. 2 left) . The robustness of this method is demonstrated by our spectroscopic follow-up study (Hayashi et al. 2011 ). The colored symbols in Fig. 2 show the NB1657 emitters selected above. We find that most of the emitters satisfy the sBzK criteria as expected, while two of the NB emitters are likely low-z contamination (shown as cyan triangles in Fig. 2 ).
We then apply rJK selection to remove high-z contamination at z > 2 (the right-hand panel of Fig. 2 ). This method is proposed by Hayashi et al. (2012) to distinguish z > ∼ 2.5 galaxies from z < 2 galaxies, and the robustness of this method is shown by our recent spectroscopic observation (Shimakawa et al. 2014) . With this technique, we find that six of the NB1657 emitters are likely high-z emitters at z > 2 (see magenta triangles in Fig. 2 ), and they are now excluded from our catalog. In summary, among the 52 NB emitter candidates (with K s -band detection), we identify total eight contaminant emitters (two low-z and six high-z objects). In the following analysis, we consider the remaining 44 emitters as Hα emitters at z = 1.52. The list of the selected Hα emitters is provided in Table 2 .
Photometric redshifts and the final member catalog
We use photometric redshifts (z phot ) to select non-Hα-emitting passive members (with strong 4000Å break) which cannot be identified with the above Hα emitter selection. We here restrict the sample to those detected at >2σ level with at least four bands out of the six broadband images (Br ′ z ′ JHK s ). The best-fit photometric redshifts are computed with a simple template fitting following the standard χ 2 minimizing statistics using EAZY Note. - † The ID#1043 is the radio galaxy 4C 65.22 at z = 1.52 (i.e. the primary target of this study). ‡ The M⋆ uncertainties provided here are based solely on the photometric uncertainties in Ks-band. We note, however, that the uncertainties in M⋆ could potentially be dominated by the systematic uncertainties associated with the derivation of M⋆ using the one-color method (typically ±0.2 dex; see Koyama et al. 2013b ).
code (Brammer et al. 2008) . The distribution of the derived z phot is shown in Fig. 3 . The photometric redshifts derived with only six broad-band filters may not be very accurate, but it is worth mentioning that there is a clear redshift spike at z phot ∼1.5 near the radio galaxy (top panel of Fig. 3 ). In the following analysis, we apply a photo-z cut of 1.3 < z phot < 1.7 (dotted lines in Fig. 3 ) to select member galaxies associated to the radio galaxy. With this criteria, we select 61 galaxies in total, among which 20 galaxies are within the central 250 kpc region 7 .
7 We compute the density peak using all the member galaxies, including photo-z members and Hα emitters, and exploit this point As shown in Fig. 2 (black circles) , most of the photo-z selected galaxies satisfy the BzK and rJK criteria. Unfortunately, we cannot fully quantify the photo-z accuracy because no spec-z information is available in the observed field. However, we emphasize that our results do not change even if we apply simple color selections without relying on the photometric redshift. We here crudely test the contamination level by using the UKIDSS/UDS data, where BRzJHK data are publicly available (Lawrence et al. 2007) 8 . After applying the as the cluster center (see also Fig. 4 ). 8 http://www.nottingham.ac.uk/astronomy/UDS/index.html same magnitude cuts, we derive photo-z of the UDS galaxies in the same way as described above. We find that ∼2250 galaxies (out of ∼25000 sources) satisfy the 1.3 < z phot < 1.7 criteria over the entire ∼0.8 deg 2 UDS field, yielding the expected contamination rate of ∼0.8 arcmin −2 . Based on this estimate, we expect ∼0.6 galaxies in the central 250 kpc region. Therefore, the central 250 kpc region of 4C65.22 field is indeed over-dense by a factor of ∼30× compared to the control field (see also § 4). We also expect ∼22 galaxies within 4 ′ ×7 ′ MOIRCS FoV. The number density of the photo-z members in the 4C65.22 field is still significantly higher than general field (by a factor of ∼3×), but this analysis suggests that the over-density is diluted when averaged over the FoV.
For star-forming galaxies, the photometric redshifts may be much less reliable because of their flat featureless broad-band SEDs. We find that only 20 Hα emitters (45%) satisfy the photo-z criteria of 1.3<z phot <1.7 (see blue-hatched histograms in Fig. 3 ). In particular, we find that the photometric redshift does not work well for Hα emitters with red optical colors, and that the photo-z errors of such red emitters tend to be slightly larger than those of blue emitters. This probably reflects the wellknown age/dust degeneracy, making it extremely difficult to construct a complete sample of SF galaxies using a limited set of broad-band filters. We remind the readers that this point is an important advantage of the narrow-band survey: it allows us to construct a clean star-forming galaxy sample within a narrow redshift slice at a high completeness level (e.g. Kodama et al. 2004; Koyama et al. 2010 ). In the case of our current dataset, ∼55% of SF galaxies might have been missed out with the photo-z selection alone, but those galaxies are now rescued with our NB-based approach.
In summary, we selected the final member galaxies with the following two criteria. First, we select 61 galaxies with 1.3 < z phot < 1.7. Second, we include all 44 Hα emitters (selected in § 3.1) regardless of their photometric redshifts. Note that 20 out of the 44 Hα emitters satisfy the above photo-z criteria as well. In these ways, our final member catalog contains 85 galaxies in total, and this sample will be used in the remaining part of this paper. We note that a fraction of the selected Hα emitters might be AGNs. In general, the fraction of AGNs in Hα-selected galaxies at z > ∼ 1 is expected to be ∼10-15% Sobral et al. 2013 ). However, unfortunatately, it is not possible to quantify the AGN contribution in our own sample, without multi-wavelength imaging/spectroscopic follow-up observations. In particular, the environmental dependence of the AGN activity in the distant universe is still an open question and beyond the scope of this paper.
DISCOVERY OF A RICH CLUSTER AT Z=1.52
4.1. Spatial distribution of galaxies around 4C65.22 Based on the sample selection described in § 3, we here report the discovery of a strong over-density of z ∼ 1.5 galaxies around the radio galaxy 4C 65.22. In Fig. 4 , we show the spatial distribution of the selected member galaxies. We here plot photo-z selected galaxies (with 1.3<z phot <1.7; black circles) and the Hα emitters (blue squares). The member galaxies on the red sequence (z ′ − J > 1.45; see § 4.2) are marked with red symbols. It is The z phot distribution of galaxies for those with z phot <3.5 located within 250 kpc from the density peak (top) and those outside this annulus (bottom), showing a clear redshift spike at z ∼ 1.5 in the 4C65.22 field. The dotted lines at z phot =1.3 and 1.7 show the criteria of photo-z member selection applied in this paper. The blue hatched histogram shows z phot distribution for the Hα emitters selected in § 3.1. The photo-z accuracy for SF galaxies should be less reliable, but we emphasize that the primary aim of photo-z is to select passive galaxies without Hα emission.
evident that there is a clear density peak of z ∼ 1.5 galaxies near the radio galaxy. The radio galaxy (shown with yellow star in Fig. 4 ) is located at ≈140 kpc away from the density peak, not in the very center of the core.
We already showed in Fig. 3 a clear redshift spike at z phot ∼ 1.5 within r c <250 kpc from the density peak. This result does not change even if we consider "all" member galaxies including Hα emitters. The number density of all the member galaxies (i.e. photo-z member and Hα emitters) within the 250 kpc circle is 28.9 arcmin −1 , which is a factor of >10× higher than the average in the outer field (2.3 arcmin −2 ). We note that a small z phot peak at z ∼ 1.5 can also be seen in the bottom panel of Fig. 3 . This probably reflects the presence of large-scale structures extending beyond the 250 kpc circle. Although we need spectroscopic follow-up observation for confirming such relatively poor structures, it is highly possible that some of the small groups as well as the filamentary structures traced by Hα emitters seen in Fig. 4 are really associated to the central cluster.
4.2. Red-sequence galaxies dominating the cluster core and the deficit of low-mass blue galaxies Another important result drawn from Fig. 4 is that the cluster central region (r c < ∼ 250 kpc) is clearly dominated by red-sequence galaxies without Hα emission (see also Fig. 5 for a three-color representation of our rzH images in the central cluster region). Interestingly, this "suppression radius" of ∼200 kpc is consistent with that reported in another X-ray selected rich cluster at a similar redshift (e.g. Bauer et al. 2011a) , suggesting this newly discovered system is a well-evolved rich galaxy cluster at z = 1.5. The presence of a number of Hα emitters (at Figure 4 . The 2-D map of galaxies around 4C 65.22 over the entire MOIRCS FoV (4 ′ ×7 ′ ; left panel) and the 100 ′′ ×100 ′′ close-up view around the density peak (right panel). The grey dots, black circles, and blue squares show all NB-detected sources, photo-z selected galaxies with 1.3 ≤ z phot ≤ 1.7, and the Hα emitters at z = 1.5, respectively. The red symbols show the galaxies on the red sequence. The red-sequence galaxies are strongly clustered near the radio galaxy (yellow star), and Hα emitters tend to be located in the cluster outskirts. The contours show 1,2,3,4,5σ significance of the overdensity calculated with all member galaxies: we applied Gaussian smoothing (σ=0.1 Mpc) on each galaxy and combine the tails of Gaussian wings to measure local density at a given point. The (0,0) point of this plot shows the density peak (RA=17 h 47 m 12. 1.51 ≤ z ≤ 1.54) surrounding the core further supports our discovery of the rich cluster associated to the radio galaxy. We note that no extended X-ray emission is reported in this field so far; e.g. by the ROSAT all-sky cluster survey (Böhringer et al. 2000) . This is not surprising given the shallowness of the all-sky survey data. However, it would be highly possible that we can detect an extended X-ray emission associated with this cluster if we can perform a deep X-ray follow-up observation in the future.
In Fig. 6 , we show color-magnitude diagrams for galaxies located at r c <250 kpc and those outside this annulus. An interesting feature recognized in this plot is the clear "deficit" of blue galaxies in the central cluster region (r c <250 kpc), in stark contrast to the outer field. There still exist a few Hα emitters within the r c =250 kpc circle, but these Hα emitting galaxies in the cluster core region show redder colors than typical Hα emitters in the field environment. This clear lack of low-mass blue galaxies may represent an accelerated galaxy evolution in high-z cluster environments; it is most likely explained that blue SF galaxies falling into the cluster are quickly transformed into red/massive quiescent population. It is also likely that the quenching process accompanies a quick mass growth via e.g. mergers or galaxy-galaxy interactions, otherwise we cannot fully explain the deficit of low-mass blue galaxies and the excess of red massive galaxies in the cluster core region at the same time. In  Fig. 6 , the red sequence is only visible in its bright end, consistent with some recent studies of z ∼ 1 clusters (e.g. Koyama et al. 2007; Stott et al. 2007 ). The lack of the faint end of the red sequence is unlikely due to the selection effect: we verified that the number of faint red galaxies does not increase even if we use J-band detected catalog instead of NB-selected catalog.
We also show in Fig. 7 the cumulative (and differential) fraction of each population in our total sample as a function of the distance from the density peak out to r c =1 Mpc. This plot further supports our claim that red galaxies are strongly clustered within r c ∼250 kpc. It is evident that the fraction of red galaxies sharply drops at r c ∼ 200 − 300kpc, which coincides with the place where we see the dramatical increase in Hα emitters and blue galaxies. The Kolmogorov-Smirnov test (KS-test) suggests with >99.9% confidence level that the distributions of red galaxies and Hα emitters (or blue galaxies) are drawn from a different parent population. We therefore conclude that most of blue star-forming galaxies falling into the highest-density cluster core are forced to migrate toward the red sequence, resulting in the clear deficit of Figure 6 .
The color-magnitude diagram for all NB-selected sources within 250 kpc from the density peak (left) and outside this radii (right). Black circles show the member galaxies, while blue squares show Hα emitters. The red circles are member galaxies with z ′ − J > 1.45 (identical to the red symbols in Fig. 4) . The vertical and slanted dotted lines show 3-and 5-σ limiting magnitudes in z ′ and J, respectively. The dashed line shows the location of the red sequence (assuming z f = 5) modelled by Kodama et al. (1998) . Interestingly, low-mass blue galaxies are clearly deficient in the cluster core region.
low-mass blue galaxies in the central part of this cluster.
GALAXY PROPERTIES V.S. ENVIRONMENT

Color-density and M ⋆ -density relation
Using the newly discovered cluster field as a laboratory, we here take a more detailed look at the environmental dependence of galaxy properties at z ∼ 1.5. For each member galaxy, we calculate the local surface number density (Σ 5th = 5/πr 2 5th ), where r 5th denotes the distance to the fifth-nearest neighbor of each member galaxy. In the following analysis of this paper, we use this local density Σ 5th as an environmental index, but our results do not change even if we use Σ 3rd or Σ 10th .
We first focus on galaxy colors. In Fig. 8 (left), we show z ′ − J (rest-frame U − V ) colors of member galaxies as a function of Σ 5th . This plot clearly demonstrates that the color-density relation is already in place at z ∼ 1.5, consistent with the visual impression from Fig. 4 . We here compute the Spearman's rank correlation coefficient (ρ = 0.40). With a sample size of N all =84, we can conclude that there is a significant correlation between the two variables 9 : a null hypothesis that there is no correlation between z ′ − J and Σ 5th is ruled out at >99% confidence level.
The correlation becomes much less significant when we consider only Hα emitters. In this case, the Spearman's rank correlation coefficient is ρ = 0.11. With a sample size of N HAE = 43, we cannot rule out a null hypothesis that there is no significant correlation between z ′ − J 9 In the following statistical tests, we do not use the radio galaxy itself because its physical quantities such as color, mass, and SFR are contaminated by unpredictable central AGN activity. However, our results do not change even if we include it in the analyses. The cumulative (top) and differential (bottom) plot of the fraction of each population to the total galaxy sample studied here as a function of the distance from the density peak. This plot clearly demonstrates that the dominant galaxy population sharly changes at around rc∼200-300 kpc. In the bottom panel, the vertical error-bars represent 1σ uncetrainty from Poisson statistics, while the horizontal error-bars show the bin size used for calculation. We applied a small shift for the symbols for clarity. Most blue galaxies and Hα emitters are overlapped with each other, but they are not completely overlapped: i.e. there are some red Hα emitters as well as blue galaxies without Hα emission.
and Σ 5th for Hα emitters. Therefore we suggest that the color-density relation is primarily driven by passive red galaxies in the highest-density cluster core, equivalently by the lack of blue galaxies in the highest-density region. We note, however, that there is a weak correlation between the EW(Hα+ [Nii] ) and galaxy colors in the sense that redder Hα emitters tend to have lower EW (see blue squares in Fig. 8 , where we use different symbol size for high-EW/low-EW emitters). In other words, our definition of the Hα emitters (H−NB1657>0.2) may potentially fail to select low-EW (red) Hα emitters. Therefore we need to keep in mind that the results on the colordensity relation amongst Hα emitters could be highly sensitive to the EW cut used for the sample selection.
It is possible that the color-density relation is partly produced by the correlation between galaxy stellar mass and environment. We here investigate the environmental dependence of stellar masses (M ⋆ ) of the member galaxies. The M ⋆ of galaxies are derived using K s -band photometry with M ⋆ /L Ks,obs correction based on the z ′ −K s color as the following.
where ∆M ⋆ = 0.095 − 1.003 × exp(−0.807 × (z ′ − K s )) indicates the M/L correction value. These conversion equations are derived using the model galaxies developed by Kodama et al. (1998) assuming Salpeter (1955) IMF. It is demonstrated that this "one-color method" can provide reasonable M ⋆ values out to z ∼ 2 (see Koyama et al. 2013b ).
In Fig. 8 (right) , we plot the derived M ⋆ as a function of Σ 5th . Our data suggest that there exists a weak M ⋆ -density relation in the observed field, again driven by the Figure 8 . The color-density and M⋆-density relation for z ∼ 1.5 galaxies around the radio galaxy 4C 65.22. The blue squares and black circles show the selected member galaxies with and without Hα emission, respectively. We split the Hα emitter sample into two equal sized bins based on EWrest(Hα+[Nii]), and use large and small squares for high-EW and low-EW emitters, respectively. We also show the running median in each plot calculated by splitting the sample into four equal-sized bins (magenta solid line), as well as the 25% and 75% distribution by the pink shaded region. These plots show that the color and M⋆ are both correlated with the local galaxy density, but we note that the environmental trends become less prominent when we consider only Hα emitting galaxies. Typical uncertainties are indicated at the bottom-right corner of each panel. The uncertainty in M⋆ shown here simply reflects the Ks-band photometric errors (hence lower limits), but we note that the systematic uncertainties accompanied by the derivation of M⋆ with the one-color method (i.e. Eq. 1) may potentially dominate the M⋆ uncertainty (typically ±0.2 dex as discussed by Koyama et al. 2013b ).
massive galaxies in the highest-density cluster core. By computing the Spearman's rank correlation coefficient (ρ = 0.23), and with a sample size of N all =84, we can rule out the null hypothesis that there is no M ⋆ -Σ 5th relationship with ≈97% confidence level. However, if we focus only on the Hα emitters, the Spearman's rank correlation coefficient is ρ = 0.11, suggesting no significant correlation between the two variables with the sample size of N HAE = 43. Our data thus suggest that the colordensity and M ⋆ -density relation are already in place at z ∼ 1.5, mostly driven by passive red/massive galaxies in the highest-density region. However, the correlations almost disappear when we consider only SF galaxies.
SFR-density and SSFR-density relation
An important advantage of the NB Hα survey is that we can measure Hα flux of all emitters within the observed FoV. We here describe how we derive the Hα-based SFRs of Hα emitters, and then describe how the derived SFRs depend on environment. First of all, we calculate the Hα+[Nii] line flux (F Hα+[NII] ), continuum flux density (f c ) and rest-frame equivalent width (EW rest ) of each Hα emitter based on its broad-band and narrow-band photometry with the following equations:
The ∆ H (= 0.28µm) and ∆ NB (= 0.0195µm) are the FWHMs of the broad-band (H) and NB1657 filters, f H and f NB are the flux densities at H-band and at NB1657, respectively. We then multiply 4πd Sobral et al. (2012) . Although there remains a large scatter around this relation (∼0.4 dex; e.g. Villar et al. 2008) , it is impossible to measure [Nii] line flux for all galaxies because it requires deep spectroscopic observation for all of them. Therefore our procedure is the best effort at this moment, and at least it would be more realistic than the convensional constant (e.g. 30%) correction. We then compute the dust-free Hα-based star formation rates, SFR Hα , using the Kennicutt (1998) Finally, we correct for the dust extinction effect. We here consider two independent methods to estimate dust extinction at Hα (A Hα ). The first method is to use A Hα -M ⋆ relation established for local galaxies by Garn & Best (2010) . The A Hα -M ⋆ correlation is likely to be unchanged up to z ∼ 1.5 (Sobral et al. 2012; Ibar et al. 2013) , and this method is often used in studies of distant Figure 9 .
The A Hα values derived from SFR(Hα)/SFR(UV) ratio against their stellar mass (left), z ′ − J colors (middle), and environment (right). The red and blue symbols show the Hα emitters in the high-density (log Σ 5th ≥1.4; top ∼1/3) and in low-density (log Σ 5th <1.4) environment. The yellow star indicates the radio galaxy. In the left-hand panel, we also show the empirical A Hα -M⋆ relation for local star-forming galaxies from Garn & Best (2010) , accounted for IMF difference. Our Hα emitter sample at z = 1.52 also shows that the A Hα value increases with M⋆, but there seems to be a large scatter around the A Hα -M⋆ relation. In each plot, the dashed line shows the simple best-fitted relation, and the typical error-bar size is shown in the bottom-right part of each plot. Interestingly, there is a weak positive correlation between A Hα and Σ 5th (although only with ∼1σ significance), suggesting star-forming galaxies in high-density environment may be more highly obscured by dust.
galaxies as a convenient method to predict dust extinction effect for individual galaxies.
The second approach is to use SFR Hα /SFR UV ratio for predicting A Hα . Because Hα is less sensitive to dust extinction effect than rest-frame UV light, the SFR Hα /SFR UV ratio can be used as an indicator of dust attenuation (Buat et al. 2002; Tadaki et al. 2013 ). In our case, the B-band flux density (λ rest ≈1800Å) can be converted to the rest-frame UV luminosity density, and then we derive SFR UV using Kennicutt (1998) 
The observed SFR Hα /SFR UV ratio is translated to the dust extinction value using the following equation:
We here adopt k Hα =3.33 and k UV =9.37 from Calzetti et al. (2000) law with R V =4.05. One thing we need to treat carefully is an extra extinction toward the nebular regions (f value in the above equations). In the Calzetti et al. (2000) prescription, the f value was shown to be 0.44 (i.e. A Hα = A cont /0.44). However, recent studies claim that this f value is likely to be different for high-z SF galaxies (e.g. Price et al. 2013) . Kashino et al. (2013) empirically linked the SFR Hα /SFR UV ratio to E(B − V ) for z ∼ 1.3 SF galaxies. They derived the best-fitted value of f = 0.69, and we adopt this value to our analysis. We note that the method may not be perfect enough (e.g. SFR Hα /SFR UV flux ratio could depend on galactic age; see Wuyts et al. (2013) for a detailed discussion), but we expect this method is more realistic than the simple M ⋆ -dependent correction shown above.
In Fig. 9 (left), we plot the derived A Hα values against their stellar mass for all Hα emitters. The extinction effect (derived by the SFR Hα /SFR UV ratio) increases with stellar mass, showing a reasonable agreement with the local A Hα -M ⋆ relation. Also, the derived A Hα values are higher for red Hα emitters (see middle panel of Fig. 9 ), suggesting the redder Hα emitters tend to be dustier. It may be interesting to note that there is a large scatter around the A Hα -M ⋆ relation, and that there exist some exceptionally dusty galaxies with A Hα > ∼ 3 mag, which cannot be identified with the simple M ⋆ -dependent correction 10 . Also, there may be a weak correlation between A Hα and environment for the same Hα emitters sample (see Fig. 9 right) . Although the statistical significance is low (only ∼1σ level) and there is a large uncertainty in deriving A Hα of individual galaxies, this result may suggest that SF galaxies in high-density environments tend to be more highly obscured by dust (by ∼0.5 mag level) than field counterparts. This is qualitatively consistent with our recent study (Koyama et al. 2013b ), where we showed a higher dust extinction of cluster galaxies with a 24µm stacking analysis for z = 0.4 galaxies.
Finally, we show in Fig. 10 the SFRs and specific SFRs (SSFR=SFR/M ⋆ ) of all Hα emitters as a function of local galaxy density (log Σ 5th measured with all member galaxies). The left-and right-hand panels show the results based on the two independent dust extinction correction described above. We do not find any significant SFR-density or SSFR-density correlation in any of the four panels in Fig. 10 , suggesting that SF activity of SF galaxies does not significantly change with environment. By computing the Spearman's rank correlation Figure 10 . The SFR-density (top) and SSFR-density (bottom) relation for Hα emitters at z = 1.5. The left and right panel shows the result based on the different dust extinction procedure. Only Hα emitters are plotted on these diagrams, because it is impossible to measure SFRs of non-Hα emitters. The yellow star indicates the radio galaxy, which will be excluded from the statistical test performed in this paper. Regardless of the dust extinction correction procedure, there is no clear environmental dependence of SFR or SSFR when we consider only star-forming galaxies. The running median (as well as the 25% and 75% distribution) are shown in each plot.
coefficients with a sample size of N HAE = 43, we cannot reject a null hypothesis that there is no significant relationship between the two variables in any of these four panels. We caution that our results are based on the purely Hα-selected galaxies (i.e. for SF galaxy population). The clear excess of non-Hα-emitting red-sequence galaxies in the very high-density region (as shown in Figs. 4-6 ) implies an anti-correlation between (S)SFR and environment, although we cannot measure SFRs of galaxies without Hα emission.
Star formation main sequence
The important goal of this study is to test the environmental dependence of the SF main sequence at z ∼ 1.5 using the Hα-selected galaxies in the newly discovered cluster field. In Fig. 11 , we show the SFR-M ⋆ diagrams for Hα emitters in the 4C 65.22 field. The left-and righthand panels show the result from different dust extinction correction: derived from M ⋆ (left panel) and from SFR Hα /SFR UV ratio (right panel). In this plot, the Hα emitters in high-density environment (log Σ 5th > 1.4; top ∼1/3) are shown with the red circles, while the other Hα emitters are shown with the blue circles. Regardless of the dust extinction correction procedure, we find that the location of the SF main sequence is independent of environment at z ∼ 1.5.
In the bottom panels of Fig. 11 , we also show the distribution of SFR offsets from the main sequence (∆MS offset ) for galaxies in high-density (red filled histogram) and low-density environment (blue hatched histogram). Again, we do not see any strong difference between the two environment samples: the KS test suggests that it is unlikely that the two distributions are drawn from the same parent population in either case of the dust extinction procedure, further supporting our conclusion that the location of the SF main sequence does not significantly change with environment. One potentially interesting finding from Fig. 11 is that the Hα emitters in the higher-density region (red symbols) tend to populate the higher envelope of the SF main sequence in the massive end (with log(M ⋆ /M ⊙ ) > 10.5). We attempt to quantify this trend by calculating the fraction of galaxies with log(∆MS offset ) > 0.3 (i.e. galaxies with boosted activity). The fraction turns out to be 56±31% and 33±19% for high-and low-density sample, respectively. The error bars are clearly large due to the limited sample size, preventing us from drawing any firm conclusion. However, at least to say, those massive galaxies with boosted activity in high-z cluster environments should be an interesting population under the influence of environmental effects.
Finally, we investigate the origin of the scatter of the ∆MS offset value within our observed field.
In the top panel of Fig. 12 , we plot the spatial distribution of the Hα emitters by dividing the sample into three categories based on the ∆MS offset value: "bursty" galaxies (log ∆MS offset > 0.3), "normal" galaxies (−0.3 < log ∆MS offset < 0.3), and "semi-passive" galaxies (log ∆MS offset < 0.3). The sample is of course small, but it may be interesting to note that the northwest group located ∼1 Mpc away from the main body of the cluster tend to have a large number of "bursty" galaxies, implying that star-burst activities are most frequently triggered in poor group environments. In contrast, we can see a mix of bursty/normal/semi-passive population in the periphery of the cluster core. The local density (Σ 5th ) of galaxies in the cluster periphery is similar to those in the north-west group, making it hard Figure 11 . The SFR-M⋆ diagram for Hα emitters at z ∼ 1.5 in the field of 4C 65.22. The left-hand panel shows the result with the M⋆-dependent extinction correction shown by Garn & Best (2010) , while the right-hand panel shows the result with extinction correction from SFR(Hα)/SFR(UV) ratio. The radio galaxy is not plotted on this diagram given the large uncertainty for deriving both M⋆ and SFR. For each plot, we show the best-fitted SFR-M⋆ relation for all emitters (black solid line), for those in high-density environment (log Σ 5th ≥ 1.4; red dot-dashed line) and low-density environment (log Σ 5th < 1.4; blue dot-dashed line). In the bottom, we show the histograms of the SFR offset from the black line in the top panels (∆MS offset ) for each environmental bin; red filled histogram for high-density and blue shaded histogram for low-density environment.
to identify the site of starburst activity with the local density approach alone (see bottom-left panel of Fig. 12 ).
To further investigate the environmental origin of the scatter of the SF main sequence, we show in the bottomright panel of Fig. 12 the ∆MS values as a function of the distance to the nearest neighboring member galaxy (R nearest ). In this plot, we find a tentative hint that galaxies having a close companion (with < ∼ 200 kpc) tend to show a larger scatter around the main sequence, whilst isolated galaxies tend to be located on the main sequence. The sample is small, but this plot may suggest a potential link between the galaxy-galaxy encounter and the deviation around the SF main sequence-i.e. a galaxy tends to show a boosted/truncated SF activity once they become a satellite of another galaxy (c.f. Park & Hwang 2009; Hwang et al. 2011) . However, because of the mixture of bursty/normal/passive population, we cannot detect an environmental variation in the location (or zero point) of the SF main sequence. Kurk et al. 2009; Santos et al. 2011; Nastasi et al. 2011; Stanford et al. 2012; Muzzin et al. 2013) , and the nature of such high-z clusters and their member galaxies are now being investigated. Some studies point out that SF activity in high-z cluster cores are comparable to (or even higher than) general field galaxies (e.g. Hayashi et al. 2010; Hilton et al. 2010; Tran et al. 2010; Tadaki et al. 2012) ; hence galaxy clusters at these redshifts are interpreted as being in the "transitional phase" or final quenching period (Hayashi et al. 2011; Brodwin et al. 2013; Smail et al. 2014; Alberts et al. 2014) .
Interestingly, our newly discovered cluster reported in this paper resembles more like z < ∼ 1 clusters, characterized by a strong concentration of passive red galaxies in the cluster center and star-forming population surrounding the core (e.g. Koyama et al. 2010; . Our finding of the suppressed SF activity in the cluster core is also similar to the situation in the well-studied rich cluster XMMU J2235.3−2557 at z = 1.39 (Lidman et al. 2008 , Bauer et al. 2011a , Grützbauch et al. 2012 Santos et al. 2013) . Recently, Tanaka et al. (2013) studied an X-ray detected z = 1.6 group in Chandra Deep Field South. Based on the SED and morphological analyses using the CANDELS data, these authors suggest that most galaxies in this z ∼ 1.6 group are quiescent early-type systems (with a few of them specroscopically confirmed). The size of the spatial extension of quiescent galaxies in the system reported by Tanaka et al. (2013) is also qualitatively consistent with that of our newly discovered system at z = 1.5 (∼200-300 kpc scale).
In our current work, by utilizing the narrow-band Hα imaging technique, we find a clear "deficit" of blue galaxies in the central cluster region (r c <250 kpc). We do find a few Hα emitters within the r c =250 kpc circle, but those Hα emitting galaxies in the cluster core show redder colors than typical blue Hα emitters seen in general field environment ( § 4.2). We anticipate that the clear lack of low-mass blue galaxies in the cluster central region is due to the rapid SF quenching and rapid mass growth triggered by environmental effects. If a lowmass blue galaxy enters a rich cluster environment, its SF activity will soon be quenched. This quenching mechanism should accompany an intense short-lived starburst or merging event, because the red-sequence galaxies dominating the cluster core tend to be much more massive than typical blue SF galaxies in the surrounding field.
Color-density, SFR-density relation at z > 1
The color-density relation has been investigated out to z ∼ 1 or even beyond (e.g. Kodama et al. 2001; Cucciati et al. 2006; Cooper et al. 2010) . Our data suggest that the color-density relation is already in place around the radio galaxy at z ∼ 1.5. However, the correlation becomes much weaker once we remove non-Hα-emitting galaxies, suggesting that the color-density relation is a product of passive red-sequence galaxies dominating the highest-density cluster core. A similar result was drawn from morphological analysis of cluster/field galaxies at z ∼ 1.6 by Bassett et al. (2013) . These authors showed that the morphologies of SF galaxies in cluster and field environments at z ∼ 1.6 show no significant difference. We note, however, that our data covers only a limited FoV (2.0×3.6 Mpc 2 ), and it is possible that we do not sample galaxies in very low-density environments. We also note that the definition of the Hα emitters in this study is EW rest (Hα+[Nii]) > ∼ 20Å, which might be too large if we consider local SF galaxies (e.g. Kennicutt & Kent 1983) . At z ∼ 1.5, however, it is expected that the EW rest (Hα+[Nii]) > ∼ 20Å criterion allows us to select a fairly complete sample of normal mainsequence galaxies. Therefore we do not expect that the EW cut does not make any strong impacts on our results, but we need to keep in mind that our survey can potentially miss low-EW (but still star-forming) galaxies. This is an inevitable problem associated with any NB-based study, and we need future deep imaging/spectroscopic observations to construct a more complete sample of galaxies down to such less active population.
It is worth mentioning that recent studies on z > 2 proto-clusters suggest that SF galaxies in higherdensity environments tend to have redder colors, implying a color-density correlation amongst star-forming galaxies (see Koyama et al. 2013a; Hayashi et al. 2012) . Koyama et al. (2013a) showed that most of Hα emitters with red J − K colors in the core of the PKS1138-262 proto-cluster at z = 2.2 are very massive system (with log M ⋆ > ∼ 10 11 M ⊙ ). Such an accelerated galaxy stellar mass growth is also suggested by some recent studies on z > ∼ 2 proto-clusters (Steidel et al. 2005; Hatch et al. 2011; Matsuda et al. 2011; Cooke et al. 2014 ). In our current analysis, we find a number of red massive galaxies without star formation in the core of the z ∼ 1.5 cluster. The stellar masses of these passive population are comparable to those of massive SF galaxies in the z > 2 proto-cluster enviromnents. If we assume that those massive SF galaxies reported in z > 2 proto-cluster environments are the direct progenitors of passive red galaxies seen in the z ∼ 1.5 cluster core, they are expected to have stopped their SF activity within a relatively short time interval between z ∼ 2 and z ∼ 1.5.
There have been a lot of debates on the "reversal" of the SFR-density relation in the distant universe. Elbaz et al. (2007) first noted this possibility with the multi-wavelength dataset in the GOODS fields (see also Cooper et al. 2008; Ideue et al. 2009 ). This reversal of the SF-density relation is still under debate, and it is likely that the results could be uncertain depending on the sample definitions and/or the definitions of environment (Sobral et al. 2011; Patel et al. 2011; Scoville et al. 2013; Ziparo et al. 2013) . At least for star-forming galaxies, recent studies have obtained a similar conclusion that there is no significant SFR-density or SSFR-density correlation amongst SF galaxies (McGee et al. 2011; Peng et al. 2010; Tadaki et al. 2012; Muzzin et al. 2012) . The results drawn from our current work is consistent with those recent studies. We caution that the "flat" SFR-density relation may not hold at z > ∼ 2. As we demonstrated in Koyama et al. (2013a) , SF galaxies in proto-cluster environments tend to be more massive than those in underdense regions. Although most of the Hα emitters in proto-cluster environments tend to be located on the SF main sequence, they are skewed to the massive end of the main sequence; hence their SFRs tend to be higher (on average) than those in general field environments.
Environmental impacts on the SF main sequence
A vital approach to understanding the environmental effects on SF galaxies is to examine the environmental impacts on the SF main sequence. Recent studies have investigated the SF main sequence mainly for distant field galaxies. Those studies have confirmed the existence of the SF main sequence out to z ∼ 2.5 or above, but the environmental dependence of SF main sequence is much poorly understood due to the lack of well-defined SF galaxy samples in clusters/groups in the distant unverse.
In Koyama et al. (2013b) , we studied the environmental dependence of the SF main sequence using our purely Hα-selected galaxy samples at z = 0.4, 0.8, 2.2 in distant cluster environments and general field environments. We found that there is no significant environmental variation in the SF main sequence out to z ∼ 2 (with a difference of ∼0.2 dex at maximum). In that work, we used M ⋆ -dependent extinction correction for all Hα emitters, which is reported to be unchanged (at least on average) throughout the cosmic time (Sobral et al. 2012) . However, we need to test the validity of this procedure by comparing the results derived with different methods of dust extinction correction. In our current analysis, we test this concern by estimating the Hα dust extinction in a more realistic way using the SFR Hα /SFR UV ratio. However, we again find that the location of the SF main sequence does not change with environment (with a difference of < ∼ 0.1 dex level), confirming the conclusion drawn by Koyama et al. (2013b) .
We caution, however, that the dust extinction issue is still an important key question to fully assess the real enviromental impacts on the SF main sequence. Indeed, we do find a marginal trend that the dust extinction effect (A Hα ) is weakly correlated with local density in the sense that SF galaxies in higher-density environment tend to be more highly obscured by dust. A similar implication was obtained for z = 0.4 galaxies by Koyama et al. (2013b) . In that work, we used SFR IR /SFR Hα ratio (with 24µm stacking analysis) to show that SF galaxies in high-density environments tend to be dustier (by ∼0.5 mag level) than those in underdense environments, in qualitative agreement with the current work.
Our studies thus suggest a possibility that SF galaxies surviving in high-z cluster environments tend to be dustier, and perhaps the nature/mode of SF activity in cluster environments may be different from those in general field environments. We recall that the environmental impacts on the dust properties of galaxies are still very pooly understood at this moment, and there are some contradicting results on this issue Patel et al. 2011) . Therefore, a special care must be taken on the dust extinction correction when we interprete the environmental dependence of the SF main sequence, and this key issue needs to be studied more in detail with larger galaxy samples in the future.
Finally, we comment on the possibility of the environmental impacts on the "scatter" of the SF main sequence. As we showed in Fig. 12 , we do not find a correlation between ∆MS and Σ 5th , consistent with the environmental independence of the location of the main sequence. On the other hand, we find a tentative hint that the ∆MS value more strongly deviates for those having a close companion within < ∼ 200 kpc, while more isolated galaxies tend to be more steadily located on the SF main sequence. The sample is clearly too small to draw any firm conclusion, but this result may provide us with a new insight on the origin of the scatter of the SF main sequence. If a galaxy approaches another galaxy, their SF activity would be disturbed (some are boosted and others are truncated) due to the galaxy-galaxy interaction or halo gas stripping (satellite quenching). This would explain the larger scatter of the ∆MS for those with small R nearest , and the apparent environmental independence of the location of the SF main sequence.
SUMMARY AND CONCLUSIONS
We performed a broad-band and narrow-band (Hα) imaging survey of a radio galaxy field (4C 65.22) at z = 1.52 over the 7 ′ ×4 ′ FoV (corresponding to 3.6×2.0 Mpc 2 ) with MOIRCS/Suprime-Cam on the Subaru Telescope. Based on this new dataset, we find a rich cluster candidate around the radio galaxy. We also studied an environmental dependence of galaxy properties around this newly discovered structure at z ∼ 1.5. Our findings are summarized as the following.
(1) With the photo-z and Hα emitter selections, we discovered a strong over-density of galaxies around 4C 65.22.
We find that the cluster central region (r < ∼ 250 kpc from the density peak) is clearly dominated by passive red-sequence galaxies without Hα emission, while the Hα-emitting galaxies are preferentially located in the cluster outskirts, showing a sharp decline in the Hα emitter fraction toward the cluster center. This spatial segregation is similar to that seen in lower redshift clusters, suggesting that the newly discovered structure is a well-matured system.
(2) The color-density and M ⋆ -density relations are already in place at z ∼ 1.5. These environmental trends are mostly driven by passive red/massive galaxies residing in the cluster central region, whilst such environmental trends become much weaker when we consider only Hα emitters. This is also the case for SFR-density and SSFR-density relation. An excess of non-Hα-emitting red-sequence galaxies in the cluster core strongly suggests that the SF activity is suppressed in the very rich environment at z = 1.5, but the SF activity amongst SF galaxies are almost independent of environment.
(3) There may exist a weak correlation between dust attenuation (derived with SFR Hα /SFR UV ratio) and local environment for SF galaxies at z = 1.5: galaxies in high-density environments tend to be dustier by ∼0.5-1.0 mag level. However, even if we take this point into account, we cannot see a detectable environmental variation in the location of the SF main sequence, consistent with recent studies. We do not find any correlation between the SFR offset from the SF main sequence (∆MS) and Σ 5th , but we find a tentative hint that galaxies having a close companion (at a moderate distance of < ∼ 200 kpc) tend to be more largely scattered from the SF main sequence than more isolated galaxies.
